The coastal waters of the northern portion of the California Current System experience a seasonal decline in oxygen concentrations and hypoxia over the summer upwelling season that results in negative impacts on habitat for many organisms. Using a regional model extending from 43 N to 50 N, with an oxygen component developed in this study, drivers of seasonal and regional oxygen variability are identified. The model includes two pools of detritus, which was an essential addition in order to achieve good agreement with the observations. The model was validated using an extensive array of hydrographic and moored observations. The model captures the observed seasonal decline as well as spatial trends in bottom oxygen. Spatially, three regions of high respiration are identified as locations where hypoxia develops each modeled year. Two of the regions are previously identified recirculation regions. The third region is off of the Washington coast. Sediment oxygen demand causes the region on the Washington coast to be susceptible to hypoxia and is correlated to the broad area of shallow shelf (<60 m) in the region. Respiration and circulation-driven divergence contribute similar (60, 40%, respectively) amounts to the integrated oxygen budget on the Washington coast while respiration dominates the Oregon coast. Divergence, or circulation, contributes to the oxygen dynamics on the shelf in two ways: first, through the generation of retention features, and second, by determining variability.
Introduction
The coastal ocean of Washington, British Columbia, and Oregon is an eastern boundary upwelling region that experiences a seasonal decline in oxygen on the shelf over the course of the upwelling season (usually May-October) [Huyer et al., 1979; Landry et al., 1989] . Oxygen levels often decline low enough to experience hypoxia (<1.4 mL/L, or <2 mg/L) [Chan et al., 2008; Connolly et al., 2010; Crawford and Peña, 2013; Adams et al., 2013; Peterson et al., 2013] . Upwelling regions, in general, frequently experience hypoxia and the associated negative impacts on the habitat for hypoxia-intolerant taxa of invertebrates and fish. For example, hypoxia has been linked to mass mortality events of these species off the coast of Oregon [Grantham et al., 2004; Chan et al., 2008] . Hypoxic zones are expected to expand with climate change, which will likely lead to a decrease in biodiversity in the affected habitats [Levin et al., 2009] . Some observational studies have found local respiration of organic matter to be an important driver of local oxygen dynamics in the northern portion of the California Current System [Hales et al., 2006; Connolly et al., 2010; Adams et al., 2013; Crawford and Peña, 2013] ; while other studies [Grantham et al., 2004] found that the transport processes determined the observed oxygen levels. Understanding the processes that govern the seasonal decline of oxygen on the shelf is crucial to understanding how these systems will respond to future climatic forcing.
The coastal ocean off Oregon and Washington is subject to seasonal variations in wind stress. The mean winds shift in the spring from the winter downwelling-favorable southerly winds, to northerly, upwellingfavorable winds in summer [Hickey, 1979] . Deep, nutrient-rich, low-oxygen offshore water is upwelled onto the shelf and is transported to the euphotic zone where it fuels the highest productivity on the west coast of the U.S. [Ware and Thomson, 2005; Hickey and Banas, 2008] . The northern portion of the California Current System experiences significantly weaker upwelling winds than regions farther south, but Hickey and Banas [2008] attribute the high production of the British Columbia and Washington shelves to local freshwater In this study, a high-resolution model of oxygen cycling on the Washington and Oregon shelves is used to understand the relative contribution of physical processes and POC dynamics to the observed seasonal oxygen decline on the shelf over a period of 3 years (2005) (2006) (2007) . The modeling is done using the Regional Ocean Modeling System (ROMS), and the circulation model setup and validation are described in Giddings et al. [2014] . Oxygen is coupled to the biogeochemical model described by Banas et al. [2009a] and Davis et al. [2014] and validated here against observational data sets from 2005 to 2007 detailed in Figure 1 . Oxygen budgets for the Washington and Oregon shelves are presented for the three modeled years. In section 2, the methods are outlined, including a description of the oxygen model. Section 3 summarizes the model simulations as well as model validation (sections 3.1 and 3.2). In section 4, controls over spatial variability in respiration are discussed. Finally, section 5 summarizes the results. We find that spatial and temporal patterns of oxygen are primarily controlled by local respiration on the shelf in this upwelling system.
Methods

Physical Model Setup
As part of the NOAA/NSF Pacific Northwest Toxins (PNWTOX) project, the Regional Ocean Modeling System (ROMS) [Shchepetkin and McWilliams 2005] , a freesurface, hydrostatic, primitive equation model used extensively in coastal systems, was configured for the Washington and Oregon coasts (the ''Cascadia'' model) as described in detail by Giddings et al. [2014] . Surface forcing and boundary conditions for the realistic Cascadia simulations are specified as described in Giddings et al. [2014] . The domain extends from 43 N to 50 N, as shown in Figure 1 , with a horizontal resolution on the shelf of 1.5 km and 40 vertical levels including the inland waters of the Salish Sea, a network of coastal waterways between British Columbia and the northwestern tip of the U.S. The Global Navy Coastal Ocean Model (GNCOM) is used for the open boundary and initial conditions [Barron et al., 2006] , and meterological forcing from the MM5 regional forecast model [Mass et al., 2003] is applied. The model includes 16 rivers forced with daily river discharge and temperature data from U.S. Geological Survey (USGS) gauging stations and an Environment Canada gauging station for the Fraser River, as well as tides. GNCOM supplies the physical water properties (temperature and salinity) entering the domain at the open southern and western boundaries. Initial conditions for nutrients and oxygen were determined from empirical relationships with salinity using observations from Connolly et al. [2010] . Chemical and biological tracers are forced to obey a zero horizontal gradient on the open ocean boundaries. Thus, we assume that simulated values in the model domain are a reasonable estimate for what they would be outside the domain. For each of the 16 river point sources, constant values of oxygen (8 mL/L) and a climatological seasonal cycle for nutrients (see Davis et al., 2014) are prescribed. An additional set of passive dye tracers was added to help visualize the source waters for upwelling on the shelf.
Biogeochemical Model Setup
The biogeochemical model consists of a five-compartment nitrogen budget and a coupled budget for dissolved oxygen ( Figure 2 ). The nitrogen budget is based on the model of Banas et al. [2009a] , with reparameterization of phytoplankton growth and the addition of a second detrital compartment as described below and in Davis et al. [2014] . Planktonic nutrient cycling in the model is described in detail by Davis et al. [2014] , along with additional evaluation of model performance.
State variables include phytoplankton (P), zooplankton (Z), dissolved nutrients (N), small detritus (SD), large detritus (LD), and oxygen (O 2 ) ( Figure 2 ). A list of variables and parameter values is given in Table  1 . The model is written in terms of reservoirs of nitrogen, and conversion to oxygen is made with the Redfield ratio (138:16) [Sarmiento and Gruber, 2006] . Since ammonia concentrations are generally low (<10 mM), they are combined with nitrate into a single N pool. The choice of the ratio 138:16 assumes that nitrogen is in the form of nitrate and so includes oxidation of ammonia [Ward, 2008; Paulmier et al., 2009] .
The time evolution of oxygen (O 2 ) is calculated following Bianucci et al. [2011] , using a modification of the framework of Fennel et al. [2006] as implemented in ROMS v2.2 (see also schematic in Figure 2 , and equations in the Appendix A). Definitions and units for all variables are given in Table 1 :
where V O2 50:31u 2 ð Sc 660 Þ 20:5 , u is the wind speed at the surface, Sc is the Schmidt number from Wanninkhof [1992] , and O 2 ½ sat from the Garcia and Gordon [1992] formula. Oxygen is produced by phytoplankton (P) growth (m i ), which is light (E) and nutrient limited (N) as described in Davis et al. (2014) . The functional response of zooplankton (Z) ingestion (I) is based on in situ microzooplankton dilution experiments [Banas et al., 2009a] . Zooplankton excretion and egestion as well as respiration of both large (LD) and small detritus (SD) each draw down oxygen. The functional response for zooplankton (Z) ingestion (I) is based on extensive local observations of community grazing rates from dilution experiments [Olson et al., 2008; Banas et al., 2009a] and is consistent with laboratory measurements of grazing by herbivorous dinoflagellates and Dunne et al. [1997] and Groussart and Ploug [2001] . Benthic flux parameterization was based on local historic benthic oxygen consumption data described in section 2 [Hartnett and Devol, 2003] . More information about the ecosystem model can be found in Davis et al. [2014] .
ciliates [Hansen et al., 1997] . Both observation-based and model-based methods [Olson et al., 2006; Banas et al., 2009a] have concluded that in our study region, as in a wide range of marine environments [Calbet and Landry, 2004] , microzooplankton have a much larger grazing impact on the phytoplankton than copepods and other mesozooplankton. Banas et al. [2009a] describes the derivation of zooplankton ingestion and mortality rate parameters from local field data, and Davis et al. [2014] validates the model results against these data. Dissolved organic matter (DOM) was not considered as a state variable in the model because the respiration of semilabile dissolved organic material has been shown to contribute small amounts to oxygen budget on the coast during the upwelling season, and more in winter [Bianucci et al., 2011; Ianson and Allen, 2002] .
The key differences between this model and that of Bianucci et al. [2011] are in the formulation of direct denitrification at low oxygen concentrations in the water column, the lack of a sediment component, and a redesign of the detrital dynamics of the Banas et al. [2009a] model. In low oxygen environments (<5 mM), when oxygen is depleted, anaerobic respiration degrades organic material by utilizing various redox reactions of which denitrification is one. Direct denitrification consumes nitrate directly as the oxidizing agent for degradation of organic matter, and has been shown to be important in the sediments of the Washington shelf [Christensen et al., 1987; Devol, 1991; Devol and Christensen, 1993; Connolly et al., 2010] as well as in other regions. Water column direct denitrification is thought to be important globally in the open ocean suboxic zone [DeVries et al., 2012] , but has yet to be considered in the coastal ocean. The threshold oxygen level below which denitrification can take place in the water column has not been absolutely determined, but some authors suggest it falls between 2 and 10 mM, from field observations in the Oxygen Minimum Zone off of Peru [Codispoti et al., 2005; Brewer et al., 2014] . In our model, under exceedingly low oxygen levels, when the respiration of detritus demands more oxygen than is available in a model time step, respiration consumes nitrate in the water column instead of oxygen.
A separate sediment component, like the one described in Bianucci et al. [2011] , was not included in the model formulation here. This simplification assumes that organic carbon is consumed rapidly in the surface sediment layer and that little to no burial of organic carbon occurs on the shelves in the region. In support of this assumption, observations from the Washington outer shelf (deeper than 70 m) from Hartnett and Devol [2003] determined that 8% of the primary production reaches the seafloor, and only 10-20% of that is buried in the sediments. Organic carbon in the sediments is mainly found deeper than the 50 m isobath, and comprises a small fraction (1-2%) of the sediments on the shelf [Archer and Devol, 1992] . These observations for the North American Pacific Northwest region, and the lack of consensus on burial controls [Hedges and Keil, 1995; Macdonald and Pedersen, 1991] , suggest that most of the organic carbon reaching the seafloor is mineralized by the benthos and so can be modeled accordingly.
The redesign of the detrital dynamics of the Banas et al. [2009a] model mainly involved the addition of a large detrital class, and the elimination of burial at the bed. The large and small detritus classes differ in both their production mechanism and sinking velocities. The large detritus is produced as a result of coagulation (0.05 mmol N m 23 d 21 ) of the small detritus [Lima and Doney, 2004] . The large detritus sinks at a rate of 80 m d 21 , and respires at the same rate as the small detritus (0.1 day 21 ) [Dunne et al., 1997; Groussart and Ploug, 2001] . While this sinking rate is higher than previous modeling efforts, it is well within the observed range for diatoms, which dominate the primary production of upwelling regions. Lab experiments and field programs show that sinking velocities of diatoms and their associated aggregates exhibit sinking velocities between 10 and 1000 m/d [Iverson and Ploug, 2013; Iversen and Ploug, 2010] . Aggregates likely form within the large blooms of the region, and have been shown to contribute significantly to the sinking flux of organic matter [Jackson et al., 2005; Healey et al., 2009; Ianson et al., 2012] . At the bed, all detritus respires and returns to the nutrient pool as in Fennel et al. [2006] using the stoichiometric ratio of O 2 :N 5 108:16 for coupled denitrification, slightly altered to account for the oxidation of ammonia back to nitrate (see equations (A1) in Appendix A and Davis et al. [2014] ). Because we assume (following Fennel et al. [2006] ) that the sinking flux out of the bottommost grid cell results in an immediate, corresponding influx of nutrients at the sediment-water interface and an oxygen loss to the sediments, this flux can also be equated to the sediment oxygen demand. Observations of the sediment oxygen demand on the Washington shelf [Hartnett and Devol, 2003] were therefore used to constrain the sinking velocity of the large detritus and the coagulation rate (Table 1) , parameters which are often completely unconstrained in biogeochemical models. Additionally, a quasi-one-dimensional ROMS model (see next section) was used to test the impact of various detrital scenarios on nutrient profiles. The nutricline was better represented with two detrital pools, which ultimately results in better prediction of the depth of organic matter respiration.
Detrital Dynamics Sensitivity
The design of the detrital portion of the model was crucial to achieving good agreement between the modeled and observed oxygen concentrations. Several variations of the detrital model were tested and compared with data. The bottom boundary condition (reflective versus burial), inclusion of a second detrital pool, and sinking velocity were varied, while respiration rate and other model parameters were held constant. The goal of the tests was to achieve the same rate of change observed in the oxygen concentrations from the moored observations at EH4 (see Figure 1 ), a Washington shelf mooring in 32 m of water with sensors 1 m off the bottom [Connolly et al., 2010] .
The bottom boundary condition was tested by comparing a case in which detritus was allowed detritus to sink out of the bottom, or be buried, to a case where detritus was instantaneously respired, or a reflective boundary condition. The case that allows burial on the shelf causes the modeled oxygen concentration in bottom waters to remain steady over the course of the upwelling season, unlike the observed trend. Only when detritus was not buried, but instead instantly respired, was the rate of change of oxygen similar to observations. This ''reflective'' boundary condition assumes a steady state in which the nutrient flux to the sediments is equivalent to the pore water nutrient flux back to the water column. This is a good assumption at steady state, and is consistent with the Fennel et al.
[2006] model formulation. By allowing the nutrients to respire on the shelf and oxygen to decrease in response, the oxygen concentrations decrease on the shelf over the upwelling season in the model. However, the resulting modeled oxygen concentrations were biased too low, indicating excessive oxygen depletion on the shelf. Given a remineralization rate of 0.1 day 21 [Groussart and Ploug, 2001; Wetz et al., 2008] , a detrital particle must sink faster than 20 m d 21 in order to respire deeper than the shelf break (200 m). By increasing the sinking velocity of a single particle detrital pool, detritus respires deeper than 200 m because it sinks faster, escaping the nutrient trapping on the shelf. However, the resulting modeled oxygen declines too quickly, and removes nutrients too quickly from the surface, thus negatively affecting primary production (not shown). Through the addition of a second detrital class, the surface bloom remains unaffected, while some of the nutrients are allowed to escape nutrient trapping on the shelf. Nutrients did not experience a net trend on the shelf or elsewhere in the domain from year to year when the second detrital class was added. The nutricline was more realistically represented with the addition of the second detrital class, which ultimately produced better results for oxygen as well.
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Model Experiment
Realistic hindcast simulations were run continuously for 2004-2007 as described by Giddings et al. [2014] . One year of simulation (2004) was required to ensure that the dye and biogeochemistry were spun-up to steady state. Steady state in the biogeochemistry is defined as the state where less than a 1% change in total nutrients occurs in the domain interannually. Thus, here we present results from 2005-2007 only.
Each simulated year experienced very different environmental forcing. For example, 2005 was characterized by a late onset for the upwelling season [Kosro et al., 2006] . In contrast, 2006 experienced prolonged and extensive upwelling with the most river discharge. 2007 is described as a moderate upwelling season with a record snowpack producing high discharge in the spring/early summer months. The implications of these very different environmental forcings will be discussed in section 4.
Budget Calculations
Oxygen budgets for the shaded regions depicted in Figure 1 were calculated from the model results using equation (1) and the diagnostic terms from ROMS. The diagnostic fluxes, both the advective and diffusive terms for the tracers as well as the biogeochemical model fluxes were averaged daily. Each diagnostic flux, representing terms in equation (1) Table 2 and consistent with the spring and fall transition dates as determined by the cumulative upwelling index. The region in Oregon was cut off at 44 N to avoid model boundary effects, and thus that region mostly represents Heceta Bank (Table 2) . Primary production is a source of oxygen from the production of organic matter as defined in equation (1). Respiration is the sum of the water column respiration of detritus, zooplankton egestion, and sediment oxygen demand, and is always a loss of oxygen. Air-sea exchange is the contribution to the budget of gas exchanges as defined in equation (3) and can be a source or a sink of oxygen. Divergence is defined as the sum of horizontal plus vertical advective and diffusive fluxes, and can be either a source or a sink of oxygen. When the divergence contribution is positive, two scenarios exist: either oxygenated water is imported into the region or low-oxygen water is exported out of the boxed region (or both, in different layers within the 0-500 m range of integration).
Results
Model Validation
Bottom water oxygen concentrations are lowest during the summer upwelling season [Connolly et al., 2010; Pierce et al., 2012; Crawford and Peña, 2013] , and recent observations are mostly limited to this period. Consequently, the focus of the analysis here is on summer dynamics (2005) (2006) (2007) ; however, it should be noted that the model was run continuously for four full seasonal cycles. Observations used for validation are shown in Figure 1 and span the entire upwelling season, capturing the beginning and end at certain locations. Validation results for oxygen, based on over 2264 CTD casts, and brief results for the physical and biological fields are presented here. More extensive analysis of modeled nitrogen and chlorophyll are presented in Davis et al. [2014] and modeled temperature, salinity, and velocity are presented in Giddings et al. [2014] .
Physical Model Validation Summary
The physical model successfully reproduces the dominant features, such as coastal upwelling and Columbia River plume movement, and regional oceanography, such as coastal-trapped waves, with significant skill ( Figure 3 shows the subtidal and mean velocity, salinity, and temperature comparisons at a mooring (EH4). All subtidal time series are computed with a Godin low-pass filter [Emery and Thomson, 2004] . The model velocities achieve better skill in the alongshore direction than the cross-stream direction.
In general, the model represents the circulation on the shelf better than beyond the shelf break, but the model has significant skill at all compared depths (down to 500 m) . The model reproduces the strengthening and shoaling of the California Undercurrent (Figure 4 ) . Figure  4 includes a cross section at 47 N during the spring and again in late summer during the peak California Undercurrent presence in 2005. The California Undercurrent is seen in Figure 4 as a poleward velocity core centered near the shelf break. In addition, the California Undercurrent can be identified using the a passive a The fluxes were integrated over the top 500 m, and then averaged over the upwelling season, as defined by the 8 day wind stress. The upwelling season for each year is shaded in gray on Figure 13 . The time series for each of these fluxes is plotted in Figure 13 . In addition, the standard deviation for each upwelling season is also reported. The table includes the average over all 3 years and the standard deviation, or interannual variability, of all the fluxes. Finally, the average wind stress over the summer upwelling and winter seasons is also reported. dye tracer in our model entering at the southern boundary, or in the nitrate and oxygen fields, as high nitrate, low oxygen, and high dye concentrations.
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Biogeochemical Model Validation Summary
To quantify the overall correspondence between the observations and modeled oxygen fields, target diagrams were made from profile observations and colocated model profiles (locations shown in Figure 1 ) in order to provide a summary of the pattern statistics and model biases ( Figure 5 ). The distance from the origin in Figure 5 is proportional to the total Root Mean Squared Difference (RMSD). Figure 5 informs whether the model's standard deviation is larger (X > 0) or smaller (X < 0) than the standard deviation of the observations, in addition, to providing information about the positive (Y > 0) or negative (Y < 0) bias. Modeled oxygen is biased low (<0.5 mL L 21 ) and the standard deviation in the oxygen fields is larger than the observed standard deviation. Still, modeled oxygen fields mostly fall within values of 1 of the RMSD and Bias, each normalized by the standard deviation of the observations. This result indicates a better than average modeling efficiency metric (MEF) [Stow et al., 2009] , and that the observations and colocated modeled points are positively correlated . Consistent with the oxygen results, shown in Figure 5 , modeled nitrate is biased high for observed nitrate values less than 10 lM, typically near the surface, as pointed out in Davis et al. [2014] . The model also has a slight (<5 lM) bias high at depth consistent with the fresh bias in salinity inherited from our NCOM boundary conditions . Modeled standard deviation in the nitrate fields is smaller than the observed standard deviation over the same space and time (not shown). Further validation of the model fields are presented below in the form of maps, cross sections, and time series comparisons.
Time Series and Mooring Comparisons
Oxygen on the inner shelf experiences a dramatic seasonal variation and seasonal decline during the summer to early fall. Event-scale fluctuations are superimposed on top of this seasonal trend. Oxygen and temperature time series from moorings on the northern Washington shelf (EH4 and CA065, shown in Figure  1 ) are compared to modeled oxygen and temperature ( Figure 6 ). To assess model skill in the time series comparisons, the Willmott Skill Score (WSS) [Willmott, 1982] is used:
where o i is an observation, m i is the corresponding model value, there are N paired modeled/observed values, and MSE is the mean square error. The WSS is an index of agreement between the observed and modeled values, with a value of 1 indicating perfect agreement and a value of 0 indicating no agreement, and incorporates both the mean bias between modeled and observed values and the variability about that mean bias [Willmott, 1982] .
At EH4 on the Washington shelf (see location in Figure 1 
Spatial Patterns in Oxygen Over the Upwelling Season
Spatial patterns of bottom oxygen show both mesoscale and regional variability (Figure 7) . Patterns are similar to the observations, depicted as maps of bottom oxygen from two late summer CTD surveys [Connolly et al., 2010] compared to modeled oxygen from the same time interval (Figure 7) . In each case, the model field was averaged over the time interval of sampling observations, roughly 1 week. In 2005, both model and observations show that the region beneath the seasonal Juan de Fuca Eddy is hypoxic, while the adjacent shelves both north and south of the Juan de Fuca Eddy remain oxygenated. Further south on the Washington coast, offshore of Grays Harbor (46 N-47 N), hypoxia was observed and the model captures this pattern. In 2006, the modeled hypoxic region under the Juan de Fuca eddy extends farther onto the British Columbia shelf than the observed pattern. The area of lowest oxygen is again located offshore of Grays Harbor (46 N-47 N). The model does indicate a thin band of oxygenated water hugging the coast in that area, a region not sampled by the observations. Thus, although the modeled hypoxic regions do not overlap exactly with the observations, the general spatial patterns and gradients observed are reproduced in the model.
The seasonal progression in 2005 of low-oxygen water on the Washington shelf is illustrated with modeled and observed cross sections from the same location and time period (Figure 8 ). The observations illustrate that low-oxygen water upwells onto the shelf in a thin layer along the bottom (Figure 8 ). Hypoxic water develops first in patches on the mid shelf (Figure 8e ), expanding farther onto the shelf and extends higher into the water column over the course of the upwelling season (Figure 8p ). The model reproduces the observed seasonal progression (Figure 8a versus Figure 8l ). In the beginning of the upwelling season, highoxygen (>3 mL/L) water dominates the water column on the inner shelf. By the end of the season, the lowoxygen (<2 mL/L) water dominates the water column, occupying more than 50% of the water column. Second, the model simulates the seasonal progression in the thickness of the highly oxygenated surface layer (>6 mL/L). The surface layer progresses from occupying more than the upper 50 m of the inner shelf in May to occupying less than 20 m by September in both the model (Figures 8a and 8l ) and the observations (Figures 8e and 8p) . The thinning of the surface oxygenated layer over the course of the upwelling season coincides with the thickening of the oxygen depleted bottom water. (VICC) dominate the British Columbia coast, allowing the shelf to remain oxygenated [Bianucci et al., 2011] . The buoyancy-driven VICC is associated with downwelling isopycnals at the coast, which opposes winddriven upwelling [Hickey et al., 1984] . This issue will be discussed further in section 4.1.
The shelf region offshore of Grays Harbor from north of the Columbia River mouth to south of Quinault canyon (46 N-47 N) is the broadest section of shallow (<60 m) shelf off Washington and Oregon. Heceta Bank is the broadest shelf off Oregon (width 40 km), similar in width to the widest regions of the Washington shelf (width 50 km), but much deeper than the Washington shelf (117 m versus 75 m, on average). The relative importance of shelf width and depth to the oxygen demand will be discussed in section 4.1.
Modeled Spatial Patterns of Respiration in the Northern California Current
The regions that repeatedly experience the lowest oxygen concentrations on average in the modeled years correspond to regions of enhanced respiration, either in the water column or in the sediments (sediment oxygen demand) ( Figure 10 ). While observations of respiration in the water column are rare, the range of respiration from the model (0.25-0.75 mmol O 2 m 23 d 21 , 0.006-0.017 mL L 21 d 21 ) overlaps with the observed range discussed in Adams et al. [2013] (0.014-0.045 mL L2 1 d 21 ) based on observations from the Oregon shelf at 70 m during the upwelling season. In Figure 10 , respiration was integrated over 200 m of the water column and averaged over the upwelling season (May-September) for each year. The Juan de Fuca Eddy region, the central Washington coast, and Heceta Bank are regional hot spots in the maps of total integrated respiration.
The Washington shelf experiences more sediment oxygen demand (Figure 10, second column) than the Oregon shelf. This spatial pattern is consistent with observations from two locations. Hartnett and Devol [2003] report sediment oxygen demand of 20 mmol O 2 m 22 d 21 on the Washington shelf at 80 m depth. On Hartnett and Devol [2003] were made at a range of depths on the outer shelf and slope, as seen in Figure  11 . A significant depthdependence is observed with more sediment oxygen demand in the shallower depths. While observations of sediment oxygen demand shallower than 70 m are not available, biomass is more concentrated near the coast, which results in more large detrital particles. The larger detritus sinks faster, so it reaches the bed and respires faster. In addition, more detritus reach the bed faster, in general, in shallower water columns, as there is less area to respire in the water column. The model successfully captures the observed depth dependence (Figure 11 ). The shelf geometry differs between Washington and Oregon such that Washington's shelf contains a larger area of shallow (<60 m) shelf (Figure 11 ) [Hickey and Banas, 2008] . Figure 12 indicates the latitudinal trend in the shallow shelf area, mainly that the Washington shelf contains a larger area of shallow shelf than the Oregon shelf. The broader shallow shelf area on the Washington shelf likely contributes to the spatial variability of sediment oxygen demand in the model. A significant (R 2 5 0.54) relationship exists between the fraction of shelf area shallower than 60 m and the sediment oxygen demand (Figure 12 ).
Oxygen Budget for Washington Shelf
The oxygen budget for the Washington shelf region (Table  2 ; see Figure 1 for bounds of analysis regions) is consistent with the observation-based conclusions of Connolly et al. [2010] , namely that respiration of organic matter locally is the dominant driver for the summer-fall oxygen decline. Each upwelling season, 70-80% of the organic matter produced on the shelf is respired locally in the water column and in the sediments. Connolly et al. [2010] showed that the water column and sediments were determined to each contribute 40-60% of the oxygen consumption on the Washington shelf in 32 m of water. The model results are averaged over the whole shelf, while the results from Connolly et al. [2010] are for the inner shelf only. The benthic contribution to respiration declines with depth [Hartnett and Devol, 2003] , and so the numbers presented here are somewhat smaller than reported in Connolly et al. [2010] .
The divergence of low-oxygen water into the region varies from year to year. In 2005, the divergence term contributed more to the oxygen decline than in any of the other years, nearly equivalent to the respiration term. In 2007, the divergence term contributed the least to the oxygen decline on the shelf, contributing approximately half as much as in other years. The divergence term experiences the largest variability of all the terms in the budget.
Oxygen Budget for Oregon Shelf
The oxygen budget for the Oregon shelf region shaded in Figure 1 (Heceta Bank) illustrates the contribution of local respiration of organic matter to the seasonal oxygen decline, as on the Washington shelf, consistent with the results of Adams et al. [2013] (Table 2) . Local respiration accounts for 87-90% of the primary production in the Oregon analysis region. The majority of the respiration occurs in the water column rather than in the sediments because the majority of the contribution to respiration comes from the small detrital pool, which respires in the upper 200 m of the water column (given the sinking velocity and respiration rate-see section 2.3), and the shelf is deep in this region. A larger percentage of the organic matter is respired locally in Oregon than in Washington likely due to the retentive nature of Heceta Bank. The primary production and respiration terms experience the most interannual variability in the oxygen budget for Oregon.
In contrast to the Washington shelf, divergence of deoxygenated water into the Oregon region is a small from the model to be consistent with the observations, for example, that difference is reduced to 6%. In the model, the loss of oxygen is consistently larger in Oregon than Washington. Oregon's coast experiences a larger area of cold upwelled water exposed at the sea surface than the Washington coast due to stronger winds in the region [e.g., Giddings et al., 2014] (Figure 6 ). Gas exchange is a function of the gradient between the surface oxygen concentration and the saturation concentration, which is controlled by the temperature of the water, and the wind speed. A larger region of cold water at the surface would result in a larger gradient in oxygen between the concentration in the water and the atmosphere, and consequently a larger loss.
The seasonal temporal change in oxygen in the model is similar in all 3 years reported here, consistent with observations from the Oregon shelf between 2009 and 2011 reported by Adams et al. [2013] . The modeled summer-fall temporal change in oxygen over the Oregon shelf of 20.3 mmol m 23 d 21 , is smaller than that reported in Hales et al. [2006] from 2001 (20.61 mmol m 23 d 21 (60.12)) or by Adams et al. [2013] (20.4 mmol m 23 d 21 ). The value reported in the budget is averaged over the entire region outlined in Figure 1 and the observations from Adams et al. [2013] , for example, were from a mooring location in 70 m of water on Heceta Bank over a different year. Despite the slight underestimate of oxygen decline, the model does exhibit significant skill in the region, as shown in Figure 5 (NOAA cruises, identified geographically in Figure 1 ).
Variability in Both Budgets
Time series of the terms in the oxygen budget over the upwelling season for the outlined regions on the Washington and Oregon shelves (see Figure 1 ) are plotted in Figure 13 . The time series were integrated over the water column (0-500 m) and the shaded regions in Figure 1 , and then low-pass filtered with a 30 Washington Oregon (f ) Figure 13 . Time series of budget terms from the model in the boxed regions from day Hanning window to focus on the seasonal variability. The seasonality of the respiration and production terms of the oxygen budget on both shelves is clearly evident with maxima in production and respiration occurring during the upwelling season in all 3 years. The time series also confirm the results from Table 2 for the budget. For example, that primary production and respiration are the biggest terms on average in the budget.
The variability of the other terms in the budget throughout the year differs for each term. The divergence term exhibits the most variability throughout the record. The divergence term varies seasonally, as well as spatially ( Figure 13 ). In Washington, the maximum occurs in winter, and the divergence term is mostly a loss of oxygen over the upwelling season. In Oregon, the contribution of the divergence term varies from year to year with no clear trend seasonally. The dO/dt term follows divergence closely, and divergence appears to vary independent of production and respiration ( Figure 13) . In Washington, one of biggest contributions to variability in the oxygen budget comes from the divergence term; however, in both regions, divergence has the biggest standard deviation over the upwelling season (Table 2 ).
Discussion
Observations and model results show that oxygen is drawn down in the study region over the upwelling season. The modeled budgets for all 3 years indicate that local respiration and divergence, or circulation, contribute similar (60 versus 40%) amounts to integrated oxygen budget on the Washington coast while respiration dominates the Oregon coast in the Heceta Bank region. In addition to the direct effect of circulation in the oxygen budget, the circulation influences the oxygen budget through mechanisms of recirculation on the shelf which cause regional hot spots of respiration, as we discuss below. Most of the mechanisms of recirculation and retention have been previously identified in the literature [Tully, 1941; Denman and Freeland, 1985; Banas, 2003, 2008; Foreman et al., 2008; Marchetti et al., 2004; MacFadyen et al., 2005 MacFadyen et al., , 2008 Venegas et al., 2008; Trainer et al., 2009; Kim and Barth, 2011] , but their role in the development of regional hot spots for hypoxia and its interannual variability have not been previously addressed. In the discussion that follows, the details of the oxygen budget and the influence of recirculation in the region on regional patterns of hypoxia are discussed in further detail.
Spatial Patterns of Respiration, Low Oxygen, and Retention
Patterns of respiration vary spatially along the coasts of Washington, Oregon, and British Columbia (Figure 10) . Regions with the highest respiration coincide with locations of persistent hypoxia across all 3 years of simulations. As previously discussed, the three regions of intense respiration include Heceta Bank, the Washington shelf region offshore of Grays Harbor (46 N-47 N), and the region beneath the Juan de Fuca Eddy ( Figure 10 ). Each of these regions is a ''hot spot'' of organic matter respiration for a different reason. Heceta Bank and the Juan de Fuca Eddy are well-known semiretentive regions [Tully, 1941; Denman and Freeland, 1985; Banas, 2003, 2008; Foreman et al., 2008; Marchetti et al., 2004; Mac-Fadyen et al., 2008; Trainer et al., 2009; Venegas et al., 2008; MacFadyen and Hickey, 2010; Kim and Barth, 2011] . In both regions, longer residence times than typical of open coast shelf regions have been observed due to local recirculation patterns. In the Juan de Fuca eddy region, retention has been observed up to 32 days [Hickey and Banas, 2008; MacFadyen and Hickey, 2010; Giddings et al., 2014] . Both the Juan de Fuca eddy region and Heceta Bank coincide with regions of high vertically integrated water column respiration (Figure 10, first column) , which is consistent with longer residence times in these regions. The Washington open shelf appears as a third region of high vertically integrated total respiration ( Figure 10, third column) , when the water column respiration (Figure 10, first column) is added to the sediment oxygen demand, i.e., respiration at the sediment-water interface (Figure 10, second column) . The oxygen budget results confirm that the contribution of sediment oxygen demand to the seasonal decline of oxygen is larger on the Washington shelf than it is on the Oregon shelf, where water column respiration is more important ( nutrients remain on the shelf until they are physically flushed from the region. Thus, the relatively large area of shallow shelf off the central and southern WA coast could explain this area's susceptibility to hypoxia. ''Retention'' in this case occurs due to weak cross-shelf export over a relatively wider shelf, even if the region does not show clear local recirculation patterns like the Juan de Fuca Eddy or Heceta Bank. Given that detrital concentrations are high in the region off Grays Harbor and sediment oxygen demand is also high, it is likely that both cross-shelf export and shallow shelf area mechanisms are important.
What is the Role of the Columbia River?
The Washington shelf is occupied by the Columbia River plume 50% or more of the summer, despite the plume's reduced influence and typical position extending offshore and southward during the summer upwelling months . The Columbia River plume has been observed under different conditions to both increase export of organic material at the surface [Banas et al., 2009b] , as well as, increase retention near the river mouth [Kudela et al., 2010] and on the inner shelf [Banas et al., 2009b; Hickey and Banas, 2003] . In the same model years described here, the Columbia River discharge was set to zero and compared to the complete system to determine the effect of the plume (see Giddings et al. [2014] for further discussion). Overall, the runs without the Columbia River were slightly (2%) higher in oxygen on the Washington shelf. This difference was most pronounced during late winter upwelling events. Over the summer upwelling season, oxygen on the inner shelf was 5-20% higher on average at EH4 in the case without the Columbia River. In 2006, the year with the largest discharge of the three, the biggest difference resulted. Although, the Columbia River plume presence may play an additional role in determining the oxygen levels on the Washington shelf, it does not contribute to the spatial pattern of high respiration offshore of Grays Harbor.
What About Regions That Rarely Experience Hypoxia?
Some regions rarely experience hypoxia despite having high productivity; e.g., the region north of Grays Harbor, but south of the Strait of Juan de Fuca (between 47 N and 48 N). In an experiment where the Strait of Juan de Fuca was closed, eliminating exchange with Puget Sound, the normoxic zone expanded in the region (see Davis et al. [2014] , for further discussion). This suggests that some aspect of the exchange with the estuary is correlated with the magnitude and extent of the normoxic zone on the Washington coast. One possibility is that shutting off the outflow from the Strait of Juan de Fuca, which is an important nutrient source for the Washington shelf , decreases organic matter production, which reduces local respiration processes as well. Consequently, oxygen is higher on the Washington shelf when the exchange with the estuary is shut down.
When is Circulation More Important Than Respiration to Oxygen Dynamics on the Shelf?
The divergence, or circulation term encompasses all vertical and horizontal advection processes including the poleward undercurrent, eddies, and wind-driven circulation. The terms in the budget in Figure 13 and in Table 2 are integrated in time as well as vertically integrated over the whole shelf and upper slope down to 500 m. As a result, the local dynamics as well as large-scale processes are integrated into this term. It is beyond the scope of this paper to separate each of these processes individually, but will be the focus of future research. However, some conclusions about dominant processes can be drawn from Figure 13 as well as Figure 14 . First, the variability on the order of tens of days in the circulation explains a lot of the variability in the dO/dt term. This variability could be driven by any of the processes described above that influence the local circulation. Because the variability in the divergence term over the entire shelf region is correlated to the variability at an inner shelf location (mooring at EH4, Figure 14) , the process governing this variability is most likely three-dimensional wind-driven circulation. The corresponding wind stress varies with the divergence, which is consistent with this idea (Figure 14 ).
Summary and Conclusions
Here we have presented results from a regional model with extensive validation of physical, chemical and biological constituents to separate the physical and biological variability contributing to bottom hypoxia in the region over a 3 year period. A large regional data set (thousands of CTDs with nutrients, tens of moored arrays) has been used to constrain the model with sufficient skill to capture spatial and temporal patterns of dissolved oxygen in the North American Pacific Northwest coastal ocean. The model was added to an existing circulation and ecosystem model framework that Overall, the model results show that:
1. Respiration and divergence contribute similar (60 versus 40%) amounts to integrated oxygen budget on the Washington coast while respiration dominates the Oregon coast.
2. Spatial variability of hypoxia is determined by the spatial variability of respiration on the shelf, which is influenced by local recirculation processes.
3. Water column respiration is more important in recirculation regions like the Juan de Fuca Eddy and Heceta Bank, while sediment oxygen demand is more important in areas such as the Washington coast with a greater extent of shallow (<60 m) shelf.
4. Divergence of oxygen dominates the variability in the rate of oxygen decline over a season.
After the onset of seasonal upwelling, respiration of organic matter produced locally on the shelf controls the seasonal decline of oxygen. This seasonal decline, as well as spatial variability in oxygen, is well represented by the model. Retentive physical features like the Juan de Fuca eddy and Heceta Bank emerge from the spatial maps of respiration, and persistently develop hypoxia. The hypoxic region on Washington's shelf develops as a result of the large shallow shelf area.
Modeled oxygen consistently predicted fluctuations on both seasonal and event time scales. The reasonable results explicitly confirm several assumptions, for example, the need for more than one detrital pool, the importance of settling velocities, as well as the underlying biological interactions such as the production and maintenance of a large standing stock of biomass on the shelf. Future work should focus on interannual variability in source water chemistry, constraining spatial variability in respiration and identifying processes responsible for the spatial variability in retention. Understanding those processes is crucial to our ability to predict future trends in hypoxia in this region. Photosynthetically available radiation (PAR or E in equation (A3)) at depth z is a function of light attenuation due to the optical properties of seawater and self-shading by phytoplankton. Light attenuation parameters (att sw and att P ) are derived from PAR, chlorophyll a, and salinity measurements from 43 CTD casts taken between 45.5 N and 47.5 N during the 2004-2005 RISE cruises. A salinity dependence in the formulation for att sw (see Table 1 ) is used to express the varying optical properties of different water types within our domain (river plume, estuarine, open ocean) as described by the CTD PAR measurements. After Banas et al. [2009a] , the functional form for zooplankton ingestion I(P) (in equation (A1b)) includes a quadratic prey saturation response (equation (A4)), where K s is a half saturation coefficient and total zooplankton ingestion is divided into zooplankton net growth, excretion, and egestion using two parameters, e and f egest (Figure 2 ).
The benthic denitrification flux, applied to the deepest grid layer only, is
where v is 1.2 mmol N m 22 d 21 [Hartnett and Devol, 2003] and Dz the grid layer depth. This formulation limits benthic denitrification to be no greater than the current flux of organic matter to the benthos, a threshold which is typically reached around the 1000 m isobath in our model. Water-column denitrification is formulated so that when dissolved oxygen concentration [O 2 ] is too low to support the bacterial respiration required for the respiration flux specified in equations (A1c) and (A1d), the N pool is drawn down instead: where Dt is the model time step and c O:N 5 108/16 mol:mol.
